The phytotoxins and other metabolites produced by isolates L2/M2 of the fungal species Leptosphaeria maculans under different culture conditions, together with those of two new, but related isolates are disclosed. The common metabolic characteristics suggest a phylogenetic similarity between these isolates with potential to become widespread in mustard growing areas.
The fungal species Leptosphaeria maculans [asexual stage of Phoma lingam (Tode ex Fr.) Desm.] and L. biglobosa cause blackleg disease of crucifers [1a-1d] . The enormous economic significance of blackleg disease is imparted by the range of crucifers affected worldwide, namely the oilseeds rapeseed and canola (Brassica napus L. and B. rapa L.) and condiments such as wasabi. Before 2000, all blackleg isolates were included in L. maculans, but a reclassification introduced L. biglobosa to enclose isolates traditionally known as avirulent/weakly virulent on canola, whereas canola virulent isolates remained in L. maculans. However, we have reported reversed pathogenicity in two isolates of L. maculans (L2/M2) that were not virulent on canola, but virulent on mustard (B. juncea L., a plant species usually resistant to both L. maculans and L. biglobosa), similar to Polish type isolates [2] . The metabolites produced by different isolates of L. maculans, L. biglobosa and L2/M2 are unique to specific pathogenicity groups and suggested to us three major groups [reviewed in ref. 3]. The secondary metabolite profiles of L. maculans/P. lingam and L. maculans L2/M2 isolates produced in a chemically defined medium (MM) are different. While L. maculans (e.g. isolate BJ 125) produces the hostselective phomalide (1) and a variety of sirodesmins (2-6), phomamide (7) and related metabolites, L. maculans (3), sirodesmin H (4), sirodesmin J (5), sirodesmin K (6) and phomamide (7). L2/M2 (e.g. Laird 2) produces in MM the host-selective toxin depsilairdin (8), dioxopiperazines such as polanrazine G (9), polyketides like phomapyrone A (10), and sesquiterpenes like phomalairdenone A (11) [3] .
Recently, a search for phytotoxic metabolites produced by L. maculans under a variety of culture conditions, including potato dextrose broth (PDB) medium, showed a metabolite profile that contained neither phomalide (1) nor either sirodesmins (2) (3) (4) (5) (6) or phomamide (7). Unexpectedly, maculansins A (12) and B (13), new metabolites more phytotoxic to mustard than to canola, were discovered [4a] . Previously, we have reported that metabolites produced by L2/M2 isolates in PDB medium decomposed during chromatography [4b]. However, the discovery of maculansins prompted the reinvestigation of the phytotoxic metabolites produced by isolate Laird 2 in PDB medium. Herein, the results of this investigation are reported together with the metabolites of two new isolates of L. maculans (AC00/020 and AC00/021) selected from among more than 150 isolates screened for either the production or absence of sirodesmins in MM. Isolate Laird 2 was grown in PDB, as described in the Experimental.The broth was concentrated by freeze-drying and extracted. The EtOAc extract was fractionated by reverse phase chromatography (RP-FCC) on C-18 to yield 12 fractions. Of these, fractions 7-10 were phytotoxic and contained metabolites with HPLC R t of 9.6, 10.5 and 11.4 min. Further purification of the phytotoxic metabolites contained in fractions 7-10 (250 mg) was carried out by RP-FCC. The resulting fractions were assayed for phytotoxicity against mustard (B. juncea cv. Cutlass) and canola (B. napus cv. Westar). As shown in Table 2 , the EtOAc extract and fractions were strongly phytotoxic to both mustard and canola, but mustard was more sensitive than canola (Table 1) . a Lesion size scale: 0 = 1.0-1.5 mm; 1= 1.5-2.5 mm; 2= 2.5-3.0 mm; 3= 3.0-4.0 mm; 4= 4.0-5.0 mm; 5= 5.0-5.5 mm; 6= 5.5-6.5 mm; 7= 6.5-7.5 mm.
Fractions 8-9, containing the major metabolite with a R t of 10.5 min, was further purified by preparative TLC to yield the major component nearly as homogenous material. The 1 H NMR spectrum displayed three methyl singlets at δ H 2.21, δ H 2.08 and δ H 2.00 and a spin system containing five protons of which one at δ H 3.00 was a D 2 O exchangeable. The proton decoupled 13 C NMR spectrum displayed eleven carbon signals of which two at δ C 171.4 and δ C 167.7 were attributed to ester carbonyl groups, whereas three signals at δ C 20.9, δ C 21.2 and δ C 24.9 were attributed to methyl carbons. Comparison of these NMR spectral signals with those of maculansins A (12) and B (13) revealed that the metabolite from L2 with a HPLC R t of 10.5 min was identical to 12. That is, in PDB, both isolates L2 and BJ 125 produced maculansin A (12) ([] = -35, c 0.1, CH 2 Cl 2 ; UV λ max 230 nm).
In addition, further examination of the EtOAc extract by LC-MS indicated the presence of metabolites related to maculansins, i.e. esters of mannitol containing isonitrile that isomerized and/or hydrolyzed during column chromatography. For instance, mass data from LC-MS showed identical [M+H] + and [M-H]masses for components in F7/10 detected at R t 9.6 min, 10.5 min, and 11.4 min. Moreover, maculansin A was unstable in methanol, as detected by 1 H NMR spectroscopy; a 7-day old solution in CD 3 OD showed additional compounds containing an isopropyl group instead of an isopropenyl, suggesting the replacement of =C-NC with C=O ( Figure 4 ). Next, the new isolates AC00/020 and AC00/021 were grown in MM, and the broth was extracted and analyzed by HPLC-DAD and LC-MS. The metabolite profiles of these new isolates were compared with those of BJ 125 and Laird 2. AC00/020 and AC00/021 isolates produce metabolites in MM similar to those of Laird 2 (polanrazines, phomapyrones, phomalairdenones and depsilairdin), but no sirodesmins (2-6), phomamide (7) and phomalide (1) were detected. The HPLC chromatograms of the EtOAc extracts of these isolates, shown in Figure 5 , are similar to that of Laird 2, but different from that of BJ 125. The identity of each peak was confirmed by UV spectral and MS data and comparison with authentic samples available in our metabolite library.
Interestingly, when isolates AC00/020 and AC00/021 were cultured in PDB, maculansin A (12) and related metabolites were produced. That is, the secondary metabolite profiles of these isolates in PDB medium were similar to those of isolates of Laird 2. As shown by phytotoxicity assays and HPLC analyses, there are several toxic metabolites in the EtOAc extracts in addition to maculansin A (12).
Maculansin A (12) was more phytotoxic (caused larger chlorotic lesions) to B. juncea Cutlass than to B. napus Westar, as seen with EtOAc extracts and most of fractions (Table 1) . Two-week-old B. juncea Cutlass and B. napus Westar plants were inoculated with spore suspensions of Laird 2, AC00/020 AC00/021, and BJ 125, as described in the Experimental. The disease symptoms started developing three days post inoculation. Preliminary results indicated that Cutlass was more susceptible to isolates Laird 2, AC00/020 and AC00/021 than Westar, as previously reported for the Laird 2 isolate [4c]; in addition, Westar is more susceptible to BJ 125 than mustard. The similar host range of isolates AC00/020 and AC00/021 and Laird 2 supports the grouping based on the secondary metabolite profiles [3] . Nonetheless, further studies need to be carried out to investigate in detail the pathogenicity observed for Ac00/020 and Ac00/021 because brown mustard (B. juncea Cutlass) is a plant species usually resistant to L. maculans. Therefore, our results suggest that fungal colonization of brown mustard could be triggered by these and similar isolates that may evolve in fields where this species is cultivated. Such circumstances could have catastrophic effects on the newly developed canola quality lines of B. juncea.
B A
The variety and stability of metabolites related to maculansins produced by isolate Laird 2 explain the earlier difficulties [4b] encountered in the isolation and purification of these components from cultures grown in PDB medium. In this context, we suggest that the secondary metabolites produced in PDB cultures cannot be used to differentiate this group of isolates of L. maculans, but together with the metabolites produced in MM impart a new characteristic that can assist the potential reclassification of L. maculans.
It is noteworthy that the selective toxin maculansin A (12) is produced by isolates of different pathogenicity only in cultures grown in PDB medium, although it displays higher phytotoxicity to mustard. Apparently, the genes responsible for the production of maculansin A (12) and related toxins are present in both groups of isolates of L. maculans analyzed in this study, but are expressed only when the isolates are cultured in PDB. These common metabolic characteristics suggest a phylogenetic similarity between isolates of L. maculans (the most common group represented by BJ 125, the new group by Laird 2, AC00/020 and AC00/021) within the three different groups shown in Figure 7 . Overall, our results suggest that isolates similar to Laird 2, AC00/020 and AC00/021 could become widespread and pose substantial control problems. 
Experimental
General: All chemicals were purchased from Sigma-Aldrich Canada Ltd., Oakville, ON; solvents were HPLC grade and used as such. Organic extracts were dried with Na 2 SO 4 and solvents removed under reduced pressure in a rotary evaporator. Flash column chromatography (FCC) WP C18 preparative scale mesh size 275 Å. Preparative thin layer chromatography (prep TLC) was carried out on silica gel plates (Kieselgel 60 F 254 , 20 × 20 cm × 0.25 mm); compounds were visualized under UV light. NMR, Bruker Avance 500 spectrophotometer; HR-EI-MS, VG 70 SE mass spectrometer, employing a solids probe.
HPLC: HPLC analyses were carried out with Agilent high performance liquid chromatographs equipped with quaternary pumps, automatic injectors, and diode array detectors (DAD, wavelength range 200-600 nm), degasser, and a Hypersil ODS column (5 µm particle size silica 4.6 i.d. × 200 mm), having an in-line filter. Mobile phase: 50% H 2 O -50% MeOH to 100% MeOH, for 25 min linear gradient, and at a flow rate of 0.75 mL/min.
Solid cultures:
Isolates of L. maculans were sub-cultured on V8-agar plates under constant cool fluorescent light at 23±2˚C for 14 days. Then, autoclaved water was added to each plate (10 mL); the plates were kept on a shaker at 45 rpm for 30 min. Spores were dislodged by gentle scraping of the agar surface. The spore suspension was filtered through nylon cloth into Falcon tubes and centrifuged at 3500 rpm for 10 min. The pellet was washed twice and spores were re-suspended in sterile water. The concentration of spores was determined and stored at -20°C [2] .
Liquid cultures in PDB media: PDB (24 g) was dissolved in distilled water (1 L) and autoclaved. Erlenmeyer flasks (250 mL) containing 100 mL of medium were inoculated with Laird 2 spores at a concentration of 5 × 10 8 spores per 100 mL culture media. The cultures were kept on a shaker A
